Abstract. This paper presents the effects imposed on the reliability of advanced-process CMOS devices, specifically the NBTI degradation, subsequent to the integration of laser annealing (LA) in the process flow of a 45nm HfO 2 /TiN gate stack PMOS device. The laser annealing temperatures were varied from 900°C to 1350°C. The effects imposed on the NBTI degradation of the device were comprehensively analyzed in which the shifts of the threshold voltage and drain current degradation were observed. The analysis was extended to the effects of the conventional RTA as opposed to the advanced laser annealing process. It was observed that the incorporation of laser annealing in the process flow of the device enhances the NBTI degradation rate of the device, in contrast to the integration of the conventional RTA. Laser annealing subsequent to spike-anneal is observed to improve the reliability performance of the transistor at high negative biases.
Introduction
Negative bias temperature instability (NBTI) is a reliability effect that has emerged subsequent to the rapid scaling of the CMOS technology beyond the 180nm [1] technology node. With the continued scaling of the device, along with the challenge in maintaining the device's reliability and high performance, advanced device process integrations and enhancements are imminent. For instance, silicidation of poly [2] is introduced to reduce the polyline resistance and this in turn may result in increased silicidation consumption [3] of the source /drain diffusions. Further enhancement as raised source/drain technology [4] needed to be implemented in order to mitigate silicidation consumption. High-k dielectric with metal gate capping [5] has been introduced in submicron devices in order to continue the scaling of CMOS devices while controlling leakage current through the gate oxide. Strain engineering is being actively developed and implemented in 45nm technology node devices [6], particularly to improve carrier mobility and saturation current, I dsat improvement. Local stress and strain techniques are adopted and induced by techniques such as shallow trench isolation (STI) [7] , strained-SiN cap layers [8] and SiGe or SiC pockets. Novel thermal processing conditions of advanced process devices had also been introduced as alternatives to the classical rapid thermal annealing (RTA). The millisecond anneal with laser [9] produces a diffusionless anneal in which it allows fast diffusion and high activation of dopants. Process enhancements such as above will improve certain characteristics of the device such as the carrier mobility, minimize short channel effect and reduce parasitic resistance of junctions.
However, the advances in the processing of the devices will in turn also affect the device reliability. Strain engineering [10] as well as high-k dielectric integration [11] had resulted in significant NBTI degradation. In this simulation study, the effects of integrating the laser annealing, the spike-anneal performed prior to the laser anneal and the conventional RTA into the process flow of an advanced-process PMOS high-k device will be comprehensively studied. This work focuses on the impact the annealing conditions imposed on the NBTI degradation of the device in which the drain current degradation and threshold voltage shifts of the device were observed and analysed. Bias temperature stress was performed at the stress temperature of 125°C and at an applied range of negative gate biases from 0V to -1.2V.
Device Process Flow
This work studies the NBTI degradation of an advanced-process 45nm high-k PMOS device and the process flow of the studied device represents that of a generic 45nm technology node which device and manufacturing characteristics are based on the International Technology Roadmap for Semiconductor (ITRS) 2006 [12] . The process flow incorporates advanced process techniques particularly the shallow trench isolation (STI) process technique as the preferred electrical isolation scheme. Strain engineering was also introduced into the process flow in which process-stressors, specifically embedded SiGe pockets in the source and drain regions as well as dual stress liner (DSL) deposition, were incorporated to enhance the transistor's performance. Fig.1 illustrates the process flow of the simulated 45nm high-k PMOS device [13] . 
Simulation Considerations
The high-k PMOS device is simulated using the Synopsys Sentaurus Technology CAD (TCAD) simulator tool. The tool incorporates a model which enables the laser annealing simulations in which it computes light absorption regardless of surface topography. This simulation model assumes that all absorbed light turns into heat. The simulator tool simulates heat generation and heat transport in the materials of the CMOS device in order to obtain the temperature. Below is the heat balance equation in the simulation of laser annealing adopted in this work in order to solve for the temperature of the laser-anneal [14] (
where T denotes the temperature, ρ is the mass density, C p is the specific heat capacity and к represents the thermal conductivity. G denotes the heat generation rate, of which represents the amount of light being absorbed whereby assuming that all observed light converts into heat. This parameter is a product of the material absorptivity of light and light intensity (α·l). Here, T is the solution variable while the other parameters are intrinsic properties of the simulated high-k PMOS Advanced Materials Research Vols. 189-193 1863
device. As shown in device process flow presented in fig.1 , the laser annealing is carried out subsequent to a spike-anneal which is performed at a slightly lowered temperature. Recent work [15] [16] [17] [18] had agreed that with the implementation of the spike-anneal prior to the laser anneal, the performance of the device at higher biases are more stable. This will be further justified in the following section of this work. The laser annealing temperatures were varied in order to observe the laser induced-effects on the NBTI degradation of the device. In this simulation work, a light source of the laser anneal must be provided and such is defined by the heat fluence and heat pulse. The heat fluence in turn controls the heat generation rate, G, which solves for the simulated laser anneal temperature. The laser annealing temperatures were varied by changing the laser anneal light source's heat fluence from a range of low to high values, and the heat temperature were solved at 1350°C, 1135°C, 1082°C and 975 °C respectively. The laser ambient temperature was at 600 °C. The millisecond duration of the laser anneal was of 0.5ms and the spike anneal interval prior to the laser anneal was of 2s. Laser anneal induces more defects at higher laser annealing temperatures as presented in fig. 2 (a) and (b). The drain current degradation and the threshold voltage shifts are more significant at the higher laser anneal temperature of 1350°C, as compared to that at a lower temperature of 975°C. The dotted curve represents the device applied with only the conventional RTA as compared to the advanced laser-annealing process step. It is observed that the device implementing the conventional RTA produces much less current degradation and this suggests that the dopant diffusion induced by this annealing condition is different from that of the laser anneal. Millisecond annealing such as the laser anneal tends to introduce defects in the dielectric due to higher thermal stress, which resulted from high anneal temperature applied at a high annealing rate. The increasing amount of degradation as the laser anneal temperature is increased also suggests that the laser related degradation is not only due to pre-existing defects but also defects which are freshly generated. This is in agreement with an interface trap concentration study carried out by [19] in which the authors had shown that the laser-anneal temperatures influences the trap density generation of the device, which resulted in enhanced NBTI degradation. The NBTI-induced threshold voltage shifts are in the range of 20mV to 50mV, as predicted in the ITRS [20] for less than or equal to 1.2V devices. The drain voltage of the device used in this simulation is of 1.2V.
Simulation Results and Discussion

Increasing Laser Anneal Temperature
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Manufacturing Process Technology Fig.3 (a) presents the NBTI degradation of the device when the temperature of the spike-anneal is varied at 950°C, 900°C and 850°C. It is shown that at higher spike-anneal temperatures, the NBTI degradation is enhanced, particularly at higher negative biases. Fig. 3 (b) compares the drain current degradation of the laser-annealed (with subsequent spike-anneal) device to the device which was only annealed with the laser annealing (without subsequent spike-anneal). The figure shows that the laser-annealed device becomes less reliable at higher negative biases without the integration of the spike-anneal in the device process flow, prior to the laser-anneal process step implementation. This is due to the laser-induced defects on advanced-process devices which can be due to lattice mismatch from poor crystalline. It had also been reported [16] that the laser anneal has a lower dopant diffusion without the integration of the spike-anneal, thus resulting to less carrier mobility performance which in turn degrades the device reliability. The implementation of the spike anneal prior to laser annealing limits the creation of the laser-induced defects which results in a more stable gate dielectric and improved NBTI degradation. 
Summary
This work presents the simulation of laser annealing induced-effects on the NBTI degradation of an advanced-process 45nm high-k PMOS device. The varying effects of the laser annealing temperature and spike-anneal integration were studied in terms of the NBTI-induced drain current degradation and the threshold voltage shifts. It was observed that the NBTI-induced drain current degradation and threshold voltage shifts were significant as the laser anneal temperature was increased from 975°C to 1305°C. The spike anneal performed prior to the laser anneal effects the NBTI degradation imposed on the advanced high-k PMOS device, though it slightly reduces the defects generated by the laser anneal. The drain current degradation is observed to increase as the spike-anneal temperature is increased.
